Motor learning depends on practice but also continues to develop over time after practice has ended. Over the years, two notions, reminiscence and memory consolidation, were developed to account for the protracted time course of motor learning. Reminiscence, as coined by Ballard (1913) , is a general phenomenon denoting the change in the performance of a partially learned act that occurs after the subject has rested. Reminiscence has been observed for both verbal and motor tasks, although more reliably for the latter (Eysenck and Frith 1977) . It usually implies an improvement in performance observed after a rest period, although it has also been applied to "the restitution of performance to its previous level, from whence it has dropped during the course of massed practice" (Eysenck and Frith 1977) . Reminiscence has been reported after rest periods ranging from a few seconds to several days (Eysenck and Frith 1977) although the term has recently been specifically used for improvements in performance occurring within minutes after the end of practice (Walker 2005) . In motor learning, a large body of experimental work using the pursuit rotor task suggested that reminiscence reflects the "consolidation of learning" (Eysenck and Frith 1977) , even though early theories related reminiscence to recovery from muscular or mental fatigue (Kraepelin 1985) .
Likewise, memory consolidation is a hackneyed expression that can have several meanings. At the behavioral level, consolidation can refer, as does reminiscence, to an improvement in performance observed between practice sessions but also to a reduction in vulnerability of a memory trace after the acquisition of a novel skill (Robertson et al. 2004a) . At the physiological level, memory consolidation also pertains to the off-line processes taking place at the molecular, cellular, or systemic levels that underpin these behavioral effects. A current hypothesis proposes that the acquisition of a motor skill is followed by two phases of consolidation, one involving a process of stabilization during wakefulness, by which the memory trace becomes resistant to interference, and one involving a sleep-dependent process of enhancement, characterized by a higher level of performance (Walker 2005) . However, this view is still debated (Peigneux et al. 2005 ) and appears to fit experimental data only when the motor sequence is explicitly known by participants (Robertson et al. 2004b ), but not when it is acquired unintentionally (implicit learning) (Robertson et al. 2004b .
In this article, we aimed at characterizing the time course of motor learning of an explicitly learned sequence using the finger tapping task (FTT). Our objective was to comprehensively assess motor memory consolidation, from the minutes following training up to 48 h later.
One-hundred-five right-handed healthy participants (61 women and 44 men; range, 18-37 yr) without any history of neurological, psychiatric, or sleep disorder gave their written informed consent to participate in this study approved by the Ethics Committee of the Faculty of Medicine of the University of Liège. Musicians and professional typists were excluded.
Subjects were asked to repeat a five-element sequence of key presses on a standard computer keyboard with their left, nondominant hand, for trial (block) periods of 30 sec, interleaved with 30-sec rest periods. Subjects were instructed to perform the sequence "as fast and as accurately as possible" without interruption. The entire sequence [4-1-3-2-4], numbering from index to little finger, was permanently displayed on screen. Subjects were instructed that they should not correct occasional errors but continue with the task without pause. All subjects were trained to the FTT (12 blocks) and then tested on two further blocks, 5 min, 30 min, 4 h, or 24 h after the end of the training session (groups 1-4) (Fig. 1) . In addition, they were retested 48 h later (12 blocks). A further group was submitted to a continuous practice for 26 blocks, corresponding to an absence of delay between training and testing (group 5). Speed performance was computed as the number of three-element chunks generated that belonged to the trained sequence. Analysis was conducted on three-element chunks rather than entire sequences because perceptual chunking constitutes a natural cognitive mechanism in human learning. The chunk length of three elements was used given that humans are sensitive to the temporal context set by previous stimuli up to three elements during motor sequence learning (Cleeremans and McClelland 1991) . During learning, a motor sequence is hierarchically organized in chunks acting as single memory units, which are progressively assembled in a complete sequence (Gobet et al. 2001; Sakai et al. 2003) . Accuracy score was computed as the percentage of correctly generated three-element chunks (i.e., from the learned sequence) out of the total number of three-element chunks generated, per two 30-sec blocks. No significant change in accuracy was observed in any comparison, because accuracy remained very high throughout the whole experiment in all groups and conditions (see the tables). Similar results were obtained computing accuracy on entire five-element sequences (data not shown). In consequence, we report below only analyses conducted on speed performance.
Comparisons within and between experimental groups were performed by using repeated-measures ANOVA with the number of correctly generated sequence triplets as a dependent variable. Between-session effects were computed comparing the average of the last two blocks of the training session (blocks 11-12) against the two retest blocks (blocks 13-14) or the first two blocks of the second training session at 48 h (blocks 15-16). The ANOVA showed that performance improvement was determined by the interval between the end of training and testing, F (4,70) = 5.09 and P < 0.005 (Table 1 ). Planned comparisons revealed that performance significantly increased after 5 min, 30 min, and 24 h (Ps < 0.005) but not after uninterrupted practice or after a 4-h delay (Ps > 0.25) ( Fig. 2A) . Performance improvement in subjects tested within 30 min after the end of training was similar (5 min, P > 0.31) or even better (30 min, P < 0.05) than the performance improvement observed in subjects tested 24 h later, and consistently better than during uninterrupted practice or after a 4-h interval (Ps < 0.05).
Results in the 4-h and 24-h interval groups confirm studies showing a relative stagnation in performance after several hours of wakefulness and its significant improvement overnight, in the case of motor learning of an explicitly known sequence (Fischer et al. 2002; Walker et al. 2002; Korman et al. 2003) . However, we observed a boost in performance 5 and 30 min after FTT training, which is not consistent with a previous report showing no improvement at short post-training delay (Walker et al. 2003b ). The discrepancy is possibly related to subtle differences in the task and its instructions. We observe that our subjects were relatively slower but more accurate than those reported by Walker et al. (2003b) . This suggests a difference in criterion and possibly in strategy during task practice. The discrepancy cannot be ascribed to our choice of analyzing three-element chunks since, in all performed analyses, we obtained identical results when computing performance on the entire fiveelement sequence (data not shown). In any case, our findings suggest a transient gain in performance early after task practice, thereby extending earlier results showing that performance does not improve during post-training wakefulness.
To independently replicate these findings, another group of subjects (group 6) was similarly trained during 12 blocks and then practiced 14 more blocks after a 30-min delay (Fig. 1 ). Data were compared with group 5 that performed 26 blocks uninterruptedly. Again, the repeated-measures ANOVA indicated that performance changed differently in groups 5 and 6 between training (blocks 11-12) and testing (blocks 13-14), F (1,28) = 9.7 and P < 0.005 (Table 2) . Planned comparisons indicated that performance increased over the 30-min delay (P < 0.001) but not after uninterrupted practice (P > 0.14). Interestingly, similar levels of performance were eventually achieved in both groups after 26 blocks of practice (P > 0.31) (Fig.  2B ). This finding shows that after a short rest, performance is improved and, at retest, immediately reaches levels observed much later in case of continued practice.
There is a possibility that an early boost in performance only occurs following the initial learning episode. Alternatively, it might take place systematically following the end of each practice, even when the motor memory is deemed consolidated. To solve this issue, subjects of group 7 were trained to the FTT (12 blocks) and then practiced 12 blocks again 48 h later. As expected, performance significantly improved between sessions, F (1,14) = 6.4 and P < 0.05, demonstrating the consolidation of the motor memory. In this group, an additional testing (two blocks) was performed 30 min after the end of the second session (Fig. 1) . Performance was assessed across the 30-min rest period (blocks 23-24 vs. 25-26) . These results were compared with the corresponding blocks in groups 1-4, in which these blocks are contiguous. A repeated-measure ANOVA showed that performance improvement over the 30-min period was significantly higher than over uninterrupted practice, P < 0.0005 (interaction effect F (4,70) = 3.7, P < 0.01), demonstrating that a boost in performance also occurs shortly after a consolidated memory has been used ( Fig. 2C ; Table 2 ). The amplitude of the performance gain over the 30-min delay in group 7 was similar to the one observed in groups 2 and 6, 30 min after the initial training session (although tending to be smaller, P = 0.06). We also investigated the relationship between the immediate, within-learning session improvement and the delayed, between-sessions improvement of performance to the FTT. In group 1 and 2, within-session gain during training was computed as the percentage of improvement from block 1 to the average of the last two blocks of training (block 11-12); between-session gains, as the percentage of improvement from the end of the training session (blocks 11-12) to the two-block retest after, respectively, 5 and 30 min (blocks 13-14) or the beginning of the second practice session at 48 h (blocks 15-16). The withinsession improvement during training was significantly correlated neither with 5 and 30-min gain in performance (group 1: Pearson correlation coefficient r = ‫,42.0מ‬ P > 0.38; group 2: r = 0.21, P > 0.4) nor, as reported by Walker et al. (2003b) , with the 48-h gain (group 1: r = ‫,92.0מ‬ P > 0.28; group 2: r = ‫,71.0מ‬ P > 0.5). In contrast, the performance gain following the 5-and 30-min rest periods was significantly related to the enhancement in performance observed 48 h after initial practice (group 1: r = 0.72, P < 0.005; group 2: r = 0.52, P < 0.05) (Fig. 2D) . This finding suggests that the short-lived improvement in performance observed after 5 and 30 min of off-line processing actually reflects the extent to which performance will improve over extended periods, which are thought to allow for memory consolidation (Fischer et al. 2002; Walker et al. 2002; Korman et al. 2003) .
The present findings extend our understanding of the offline processing of complex motor memories in man, in teasing apart an enduring consolidation process that requires extended periods of time and a temporary early boost in performance that occurs shortly after task practice. Presently, it has been hypothesized that consolidation is a two-step process. In a first step, the motor memory is stabilized: Performance does not improve for several hours of wakefulness but is resistant to interference (Walker et al. 2003a) . In a second step, memory representation seems to be qualitatively modified during sleep (not explicitly studied here), in such a way that motor performance improves overnight (Fischer et al. 2002; Walker et al. 2002 Walker et al. , 2003a Korman et al. 2003) , especially in terms of the goal of the motor act (Cohen et al. 2005) , and generalizes to the untrained hand (Korman et al. 2003) . Data gained using the serial reaction time (SRT) task yielded evidence for a similar sleep-dependent consolidation step when learning was explicit but not when it was implicit (Robertson et al. 2004b) .
In the present study, we additionally identified a transient and short-lived boost in performance that occurs if a rest period intervenes at short delay between task practice and retest. Similar transient enhancements in performance were previously observed following practice of the pursuit rotor task in the general framework of reminiscence (Eysenck and Frith 1977) , but the generality of this phenomenon has hitherto been underestimated. In the SRT task, when the sequence is learned implicitly, a boost has been incidentally reported after a 3-min interval (see Fig. 3 in Heuer and Klein 2003) . However, others failed to detect a similar improvement in performance when subjects were tested 15 min (Robertson et al. 2004b ) or 1 h ) after training. We also found that the performance advantage provided by the boost is transient and attenuates after several blocks (Fig. 2B) . This finding has profound consequences on future experimental designs. Indeed, retest sessions in studies exploring motor memory consolidation should allow for enough continu- Early boost in motor skill learning
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The significant correlation observed between the boost and the overnight enhancement in performance suggests that the early boost represents a particular state of motor memory. We argue that the structuring of the motor memory taking place during training would lead to an early but temporary readiness for action that heralds the long-term consolidation process. From our present data, however, it cannot be known if the latter is triggered by training, by the early boost, or by the ordered succession of both phases.
A link between the boost and memory processes is also suggested by the systematic occurrence of the boost after practice, even when motor memory is deemed consolidated. It has been proposed that consolidated memories, when retrieved, are in an active state where they are labile and susceptible to disruption by amnesic agents (Sara 2000) . In particular, in the context of the FTT, a consolidated motor memory becomes sensitive to interference after renewed practice of the task, in such a way that no further gain in speed is observed 24 h later (Walker et al. 2003a) . Our data suggest that the boost might represent the temporary "activated" state of motor memory. However, we did not formally test for this hypothesis, which should be evaluated in future experiments. It also remains to be tested whether the boost persists when motor memory is more deeply consolidated, for instance, after several weeks of daily practice (Karni et al. 1995) .
Alternatively, the boost might be attributed, as it has been argued for the SRT (Heuer and Klein 2003) tasks, to the dissipation of fatigue that would accumulate during prolonged training and gradually would counteract further improvement. However, several elements suggest that fatigue is not likely to explain our results. First, the study design that alternates practice and rest periods every 30 sec limits the accumulation of fatigue during the training session, although it could be argued that the complete dissipation of fatigue might take >30 sec of rest. Second, subjects in group 5 who performed 26 contiguous blocks continue to steadily improve after the first 12 blocks. Their final performance is similar to the performance of the subjects of group 6 who benefit from a 30-min rest between blocks 12 and 13 (Fig. 2B ). Third and more importantly, if we assume the dissipation of fatigue to be the main cause of off-line improvement, it would follow that the longer the resting interval, the larger the behavioral improvement, as fatigue would have more time to fade away. Contrary to this prediction, in group 3, performance does not improve between the end of training and the testing session despite 4 h of rest ( Fig. 2A) . Collectively, these arguments speak against the dissipation of fatigue as an explanation for the observed early boost in performance.
Finally, although the cellular and molecular underpinnings of the boost are still unknown, it is worth noticing the similarity of time course between the motor memory of an explicitly known sequence (our study) and the neural bases of memory, as shown by some animal experiments conducted on the hippocampal formation. Indeed, we have observed that the boost appears within 30 min after the end of training but is no longer observed 4 h after practice. Several processes such as early LTP (Frey et al. 2001) , dendritic redistribution of glutamate receptors (Shi et al. 1999) or dendrite morphogenesis (Maletic-Savatic et al. 1999) develop in 30 min after focal synaptic stimulation. Moreover, some of these phenomena wane within a few hours (Frey et al. 2001) . The speculation that the boost is underpinned by such cellular mechanisms should be further evaluated in future experiments.
